Introduction {#sec1-1}
============

The hippocampus is sensitive to ischemia and hypoxia (Dinis-Oliveira et al., 2006; Feng, 2008). Inflammatory responses are considered an important pathological process that occurs after cerebral ischemia/reperfusion injury. Its "waterfall-like" reaction triggers pathological damage, which then leads to brain damage (Houze et al., 1990). Recently, an apoptosis pathway mediated by endoplasmic reticular stress has been reported (Akiyama et al., 2011). Enhancer binding protein homologous protein (CHOP), also known as growth arrest- and DNA damage-inducible gene 153 (GADD153) serves as a marker of endoplasmic reticular stress and plays an important role in neuronal apoptosis. In contrast, caspase-3 is a key enzyme and executor of apoptosis. The activation of caspase-3 inevitably leads to cell apoptosis (Dringen, 2005).

Paraquat is a highly toxic, non-selective, contact herbicide. After oral poisoning, paraquat rapidly distributes in tissues and organs, primarily the lungs. The concentration of paraquat in the lungs is 10 times that in the plasma (Liu et al., 2009). The mechanism of paraquat poisoning is considered to be related to oxidative damage induced by reactive oxygen species, immune activation, and inflammatory mediators. Reactive oxygen species play an important role in inflammatory stress (Wang et al., 2003). Additionally, free radicals are also involved in the pathophysiology of many diseases *in vivo*. Excessive free radicals can produce lipid peroxidation and damage the structure of neuronal membranes (Boyce et al., 2005). Paraquat is a non-selective contact herbicide in the pyridine group with high efficiency, and is widely used around the world. As a contact herbicide, paraquat can rapidly degrade, and does not produce any environmental pollution when it comes in contact with solids. For the commonly sold 20%-paraquat aqueous solution, the lethal oral dose is 2--3 g and the median lethal dose is about 50 mg/kg (Houze et al., 1990; Feng, 2008). Moreover, mortality can reach 80%, because there is no specific antidote. According to a report from Vale in 1987, paraquat poisoning can be divided into three categories: (1) mild poisoning, when the oral dose is \< 20 mg/kg body mass, patients usually fully recover; (2) mild-moderate poisoning, when the oral dose is 20--50 mg/kg body mass, most patients experience acute lung injury, pulmonary fibrosis, and renal failure, and die of poisoning after 2--3 weeks; and (3) acute poisoning, when the oral dose is over 50 mg/kg body mass, the majority of patients die of multiple organ failure within 3 days of poisoning (Huang et al., 2012). Although most patients are sent to the hospital more than 6 hours after paraquat poisoning, after paraquat has already distributed throughout the body, its concentration in the blood is very low. Therefore, oral dosages and clinical manifestations are the main factors used for confirming the degree of poisoning.

After oral absorption, paraquat is delivered to the liver, lungs, kidneys, thyroid, various body fluids, and cerebrospinal fluid. After poisoning, the highest amount of paraquat and the greatest amount of damage are in the lungs. For severe paraquat poisoning, nervous system injuries can manifest as mental disorders, lethargy, facial paralysis, hand tremors, hydrocephalus, and cerebral hemorrhage.

The endoplasmic reticulum is a newly discovered site for an apoptotic signaling pathway, which are involved in many diseases, such as neurodegeneration, diabetes, infections, and cerebral ischemia-reperfusion injury. This pathway also plays an important role in maintaining Ca^2+^ balance and controlling protein synthesis and folding. When cells are subjected to ischemia, hypoxia, free radical damage, or poison, excessive accumulation of unfolded proteins will trigger a response that tries to restore normal function of the endoplasmic reticulum. Endoplasmic reticular stress can be initiated by activating PERK, IRE1 and ATF6.

Under physiological conditions, these three proteins can bind to glucose-regulated protein 78 (GRP78, also known as immunoglobulin heavy chain binding protein, Bip) at an inactivated state. GRP78/Bip is a member of the heat shock protein 70 protein family, and is expressed on the endoplasmic reticulum. It is composed of an adenosine triphosphate enzyme domain, a peptide-binding domain, and an endoplasmic reticulum retention signal (Yang and Sun, 1998). GRP78 is generally associated with Ca^2+^, and is a signal regulator of endoplasmic reticular stress that promotes proper protein folding and degradation of misfolded proteins, and blocks the accumulation of intermediates (Farrington et al., 1973). GRP78 has a low expression in normal adult organs, such as the brain, lungs, and heart (Haddad, 2004). In mammals, when unfolded proteins accumulate, GRP78 departs from the receptor, transfers a signal to the nucleus, and starts a response to unfolded proteins that acts to protect cells through a series of reactions, such as reducing the level of protein translation, up-regulating the expression of GRP78 chaperonin, and enhancing the ERAD pathway that helps stabilize the abnormal function of the endoplasmic reticulum caused by misfolded proteins (Yasaka et al., 1981). When the duration of endoplasmic reticular stress is too long, the functional response appears to trigger endoplasmic reticulum stress-mediated cell apoptosis.

Caspase-12 is located on the endoplasmic reticulum and is a key molecule for endoplasmic reticulum stress-mediated apoptosis, which can be specifically activated by endoplasmic reticular stress (Tawara, 1996). Under physiological conditions, caspase-12 exists in an inactive precursor form, but when activated by endoplasmic reticular stress, sequential activation of caspase-12, caspase-9 and caspase-3 eventually leads to cell apoptosis (Whiteside and Israel, 1997).

Our previous studies suggested that acute paraquat poisoning caused acute lung injury, endoplasmic reticular stress, cell autophagy, and apoptosis in rats. Few studies have dealt with brain damage incurred from acute paraquat poisoning. Ulinastatin is a protease inhibitor, and inhibits many types of hydrolase activity (for proteins, lipids, and carbohydrates) and protects organs. This study observed changes in endoplasmic reticular stress and neuronal apoptosis in brain tissues and further identified effects of paraquat poisoning on brain tissues. It also determined the effects of ulinastatin on paraquat poisoning and investigated the mechanism underlying the neuroprotective effect of ulinastatin on acute paraquat poisoning rats.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

A total of 150 Wistar rats of either sex aged 10 months old and weighing 250 ± 10 g, were purchased from the Experimental Animal Center of Norman Bethune Health Science Center of Jilin University, China (SCXK-(Ji)2008-0005). Experiments were approved by the Ethics Committee of First Hospital of Jilin University in China.

Model preparation {#sec2-2}
-----------------

One hundred and fifty rats were equally and randomly divided into three groups. Control group: intragastric administration of 1 mL normal saline followed by intraperitoneal injection of 1 mL normal saline, twice daily. Paraquat group: intragastric administration of 40 mg/kg paraquat solution (Feng, 2008), followed by intraperitoneal injection of 1 mL normal saline, twice a day. Ulinastatin group: intraperitoneal administration of 1.2 × 10^5^U/kg ulinastatin, twice a day, after acute paraquat poisoning by intragastric administration of paraquat 40 mg/kg.

Preparation of paraffin sections {#sec2-3}
--------------------------------

Seven days after poisoning, rats were intraperitoneally anesthetized using 10% chloral hydrate and infused with PBS-Tween. The brain tissue was removed and fixed in 10% neutral formalin for 48 hours, followed by hematoxylin-eosin staining, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining, and immunohistological analysis. A portion of brain tissue was cryopreserved in liquid nitrogen for protein detection.

Hematoxylin-eosin staining {#sec2-4}
--------------------------

The sections were deparaffinized, stained, dehydrated with increasing concentrations of ethyl alcohol, permeabilized, and mounted. Five fields per section were randomly selected under 400× optical magnification (BX51; Olympus, Tokyo, Japan).

Western blot assay of GRP78 and caspase-3 expression {#sec2-5}
----------------------------------------------------

Protein content of the samples was determined using the Bio-Rad method. Proteins were electrophoresed on a gel, and then transferred to a membrane. The membrane was incubated with primary antibody rabbit anti-rat monoclonal antibody (1:200; Boster, Wuhan, Hubei Province, China) at 4°C overnight, treated with secondary antibody goat anti-rat IgG (1:200; Boster) at room temperature or 37°C for 30 minutes to 1 hour. Horseradish peroxidase-labeled rat β-actin monoclonal antibody (1:200; Boster) served as internal reference. After exposure to X-rays, developing, and fixing, the ratio of target protein/β-actin in each group was determined by the ratio of the respective values of the gray regions, and was considered the relative value of target protein expression.

Immunohistochemical detection of CHOP expression {#sec2-6}
------------------------------------------------

Sections were dewaxed and dehydrated through a graded alcohol series that was followed by antigen retrieval. After blocking with goat serum, sections were incubated with primary antibody rabbit anti-rat CHOP monoclonal antibody (1:200; Boster) at 4°C overnight, washed with PBS for 5 minutes × 3. The sections were then incubated with secondary antibody biotinylated rabbit anti-rat IgG (CHOP monoclonal antibody, 1:200; Boster) at room temperature or 37°C for 30 minutes to 1 hour. Horseradish peroxidase-labeled rat β-actin monoclonal antibody (1:200; Boster) served as internal reference. After washing with PBS for 5 minutes × 3, samples were incubated with horseradish peroxidase-labeled streptavidin working solution at 37°C for 10 minutes, visualized with 3,3′-diaminobenzidine (Tianjin Biohao Biotechnology Co., Ltd., Tianjin, China), and counterstained. Five fields of each section were randomly selected under 400× magnification. Samples were then photographed with an optical microscope (BX51; Olympus, Japan). Mean optical density of each section was analyzed using a Motic Image Advanced 3.2 image analytical system. Brown nuclei indicated a positive reaction. Higher optical density represents higher expression.

TUNEL detection of cell apoptosis {#sec2-7}
---------------------------------

TUNEL staining was conducted in accordance with the manual for the TUNEL assay kit (Promega (Beijing) Biotechnology, Beijing, China). Samples were treated with streptavidin-horseradish peroxidase solution 100 μL at room temperature for 3--5 minutes, washed with PBS for 5 minutes × 3, visualized with 3,3′-diaminobenzidine, washed twice with ddH~2~O, counterstained with methyl green, washed with ddH~2~O, dehydrated through a graded alcohol series, permeabilized with xylene, mounted with neutral resin, and observed and photographed using the optical microscope. Five fields of each section were randomly selected under 400× magnification. The total number of cells and the number of apoptotic cells were counted in each field, and the average number of apoptotic cells was calculated. Cells with brown nuclei indicated TUNEL-positive cells. The apoptotic index was calculated as the percentage of apoptotic cells (number of apoptotic cells/the total number of cells × 100%).

Statistical analysis {#sec2-8}
--------------------

All measurement data are expressed as the mean ± SD, and statistically processed using SAS 9.2 software (University of Notre Dame, IN, USA). One-way analysis of variance and Student-Newman-Keuls test were performed for intergroup comparisons. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Behaviors in rats suffering from poisoning {#sec2-9}
------------------------------------------

In the paraquat group, the rats experienced shortness of breath, perioral cyanosis, poor appetite, weight loss, fatigue, dysphoria, and difficulty in activities within 3 hours to 7 days. Mortality rates differed across groups. Before death, rats presented with shortness of breath and obvious systemic cyanosis that was most obvious within 24--72 hours. In the ulinastatin group, no significant dyspnea or cyanosis occurred, and eating, drinking, and motor activity were fair. No obvious decline in body mass was observed and hair appeared normal and shiny. Moreover, no rats in the ulinastatin group died ([Table 1](#T1){ref-type="table"}).

###### 

Mortality of experimental rats suffering from poisoning

![](NRR-10-467-g001)

Morphology of hippocampal neurons in rats after acute paraquat poisoning {#sec2-10}
------------------------------------------------------------------------

Seven days after poisoning, hematoxylin-eosin staining showed that in the control group, hippocampal neurons were arranged tightly with abundant cytoplasm and clearly visible nucleoli. In the paraquat group, most hippocampal cells were concentrated and nucleoli had disappeared. In the ulinastatin group, some cells in the hippocampus were concentrated and nucleoli had disappeared ([**Figure 1**](#F1){ref-type="fig"}), but the extent appeared less than in the paraquat group

![Morphology of hippocampal cells in rats after paraquat poisoning (hematoxylin-eosin staining, × 40).\
In the control group (Con), hippocampal neurons are arranged tightly with abundant cytoplasm and clearly visible nucleoli (arrow). In the paraquat group (PQ), most hippocampal cells are concentrated and nucleoli are missing (arrow). In the ulinastatin group (UTI), some cells are concentrated with missing nucleoli (arrow).](NRR-10-467-g002){#F1}

Expression of GRP78 and caspase-3 protein in the rat hippocampus after acute paraquat poisoning {#sec2-11}
-----------------------------------------------------------------------------------------------

Seven days after poisoning, results from the western blot assay showed that expression of GRP78 and cleaved-caspase-3 was significantly higher in the paraquat group than in the control group (*P* \< 0.05). GRP78 protein expression was lower in the ulinastatin group than in the paraquat group (*P* \< 0.05; [**Figure 2**](#F2){ref-type="fig"}).

![GRP78 and caspase-3 protein expression in the rat hippocampus 7 days after poisoning (western blot assay).\
(A, B) Expression of GRP78 and cleaved-caspase-3 was significantly higher in the paraquat group (PQ) than in either the control group (Con) or the ulinastatin group (UTI) (\**P* \< 0.05). The relative gray value for target protein expression was expressed relative to β-actin. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance and Student- Newman-Keuls test).](NRR-10-467-g003){#F2}

CHOP immunoreactivity in the rat hippocampus after acute paraquat poisoning {#sec2-12}
---------------------------------------------------------------------------

Immunohistochemical results showed that brown reaction products of CHOP protein were primarily expressed in the nuclei of neuroglial cells, with some expression in the cytoplasm. Mean optical density values of CHOP in rat hippocampi showed significant differences among groups (*P* \< 0.05). Immunohistochemical findings suggested that CHOP immunoreactivity was significantly higher in the paraquat group than in either the control group (*P* \< 0.05) or the ulinastatin group (*P* \< 0.05; [**Figure 3**](#F3){ref-type="fig"}).

![The immunoreactivity of CHOP in the rat hippocampus after paraquat poisoning (immunohistochemical staining, × 40).\
(A--C) Reaction products of CHOP were mainly expressed in the nuclei of neuroglial cells (visualized as brown, arrows) in the control (Con), paraquat (PQ), and ulinastatin (UTI), with some expression in the cytoplasm. (D) CHOP immunoreactivity was significantly stronger in the PQ group than in either the Con group or the UTI group. \**P* \< 0.05, *vs*. the other two groups. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance and Student-Newman-Keuls test).](NRR-10-467-g004){#F3}

Cell apoptosis {#sec2-13}
--------------

TUNEL-positive cells were rare in the control group. The number of apoptotic cells was significantly greater in the paraquat and ulinastatin groups than in the control group. Positive cells were indicated by brown nuclei, and their reaction products aggregated around the nuclear membrane. More cells were positive for TUNEL in the paraquat group than in either the control group (*P* \< 0.05) or ulinastatin group (*P* \< 0.05; [**Figure 4**](#F4){ref-type="fig"}).

![The apoptotic cells in the rat hippocampus after paraquat poisoning (TUNEL staining, optical microscope, × 40).\
(A--C) TUNEL-positive cells in the control group (Con) were rare. Apoptotic cells are visible in the paraquat (PQ) and ulinastatin (UTI) groups (arrows). Positive cells are visible as brown nuclei, and their reaction products aggregated around the nuclear membrane. The cells were more positive for TUNEL in the PQ group than in either the Con group or the UTI group. \**P* \< 0.05, *vs*. the other two groups. Data are expressed as the mean ± SD (*n* = 6; one-way analysis of variance and Student-Newman-Keuls test). TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.](NRR-10-467-g005){#F4}

Discussion {#sec1-4}
==========

In this experiment, we found that compared with the control group, the expression of GRP78 and the number of apoptotic cells were higher in rats with paraquat poisoning, indicating that paraquat induces endoplasmic reticular stress in the brain tissue of poisoned rats. These findings also demonstrated that increased GRP78 expression in the endoplasmic reticulum was not enough to restore its homeostasis.

Endoplasmic reticular stress without remission, excessive accumulation of unfolded proteins, and numerous unfolded proteins will trigger endoplasmic reticulum stress-mediated apoptosis. CHOP is the main marker for this process (Yasaka et al., 1986). It is weakly expressed under physiological conditions *in vivo*, but is highly up-regulated when endoplasmic reticular stress occurs (Cocheme and Murphy, 2008). Inhibiting CHOP expression might relieve this type of apoptosis and thus protect cells (Costantini et al., 1995). When the regulation of unfolded protein response fails, it can promote cell death through apoptotic pathways (Yamada and Fukushima, 1993). The results from our study showed that CHOP expression significantly increased in the brain tissue of rats after 1 week of paraquat poisoning, as did cell apoptosis, indicating that paraquat poisoning-induced endoplasmic reticular stress results in cell apoptosis through activation of CHOP. These findings show that after paraquat poisoning, the endoplasmic reticulum cannot function normally because of long-term stress, and the CHOP-dependent apoptotic pathway is eventually activated.

Caspase-3 is the most important effect-type caspase, and belongs to the downstream of caspase cascade that leads to cell apoptosis. Therefore, cleaved-caspase-3 was selected as a detection target in our study. Western blot assay showed that cleaved-caspase-3 expression increased after paraquat poisoning, and we deduced that the poisoning successively induced endoplasmic reticular stress, which lead to caspase-dependent apoptosis. Because of the long-term and strong endoplasmic reticular stress, the endoplasmic reticulum could not compensate for the damage, which resulted in the apoptotic response that ultimately led to brain damage.

Ulinastatin is a glycoprotein extracted from the urine of healthy adult males, and is a broad-spectrum protease inhibitor. It has a protective role in the lungs, liver, heart, kidneys, and brain. Animal experiments have shown that ulinastatin can reduce edema, degeneration, necrosis, and apoptosis in the brain tissue of neonatal rats with hypoxic-ischemic injury (Schoonbroodt and Piette, 2000). Ulinastatin is also reported to reduce neuronal cell death in rats with brain injury, thus playing a significant neuroprotective effect (Rio and Velez-Pardo, 2008). By inhibiting tumor necrosis factor-α, interleukin-6, and interleukin-10, ulinastatin can suppress lipid peroxidation, scavenge oxygen free radicals, and reduce the permeability of the blood-brain barrier, thereby alleviating brain damage (Lou et al., 2010; Roberts et al., 2011; Tomenson and Campbell, 2011). Additionally, ulinastatin has an anti-apoptotic effect through up-regulation of Bcl-2 protein and down-regulation of heat shock protein 70 (Ding et al., 2001; Manning-Bog et al., 2002). Ulinastatin can reduce the endoplasmic reticular stress and inhibit the expression of caspase-3, which in turn inhibits neuronal apoptosis. Here, we prepared a rat model of paraquat poisoning to observe the effect of paraquat poisoning on endoplasmic reticular stress and apoptosis. Compared with the paraquat group, the expressions of GRP78, CHOP, and cleaved-caspase3 were all reduced, and TUNEL assay results showed reduced apoptosis, indicating that ulinastatin exerts an inhibitory effect on endoplasmic reticular stress and apoptosis in the brain tissue of poisoned rats. Hematoxylin-eosin staining showed that ulinastatin relieved brain damage, suggesting that ulinastatin can protect the brain tissue of rats against paraquat poisoning. This effect is probably associated with the role of ulinastatin in inhibiting endoplasmic reticular stress and cell apoptosis in the brain tissue of rats. Alternatively, it could result from scavenging oxygen free radicals and inhibiting the inflammatory response. Further studies are needed to determine the actual mechanism.

Paraquat poisoning is a continuous process. Amounts of GRP78, CHOP, and cleaved-caspase3 increased with increased poisoning duration, as did the number of apoptotic cells as shown by the TUNEL assay. These findings indicate that endoplasmic reticular stress was followed by apoptosis, and indicate that the endoplasmic reticulum could not regain its normal function, and thus, the hippocampal tissue was damaged. Compared with the paraquat, GRP78, CHOP, and cleaved-caspase3 expression was less in the ulinastatin group. Hematoxylin-eosin staining and TUNEL staining revealed that in the ulinastatin group, tissue damage was less extensive, and cell apoptosis reduced. We therefore inferred that ulinastatin probably reduced the number of damaged cells by inhibiting endoplasmic reticular stress and thus inhibiting endoplasmic reticulum stress-mediated apoptosis. As a result, we conclude that ulinastatin has an overall protective effect in the hippocampus.

Endoplasmic reticular stress may be related to oxidative stress, inflammation, and apoptosis during paraquat poisoning. Ulinastatin, which protects the brain against paraquat poisoning by inhibiting the activity of various enzymes, scavenging oxygen free radicals, and improving microcirculation, also appears to inhibit endoplasmic reticular stress and thus subsequent endoplasmic reticulum stress-mediated apoptosis. Thus, it is expected to play a protective role in multiple organ damage.
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